A physical and functional map of Aspergillus tubingensis mtDNA type 2b was constructed and compared to Aspergillus niger type 1a mtDNA. The gene content and order, as well as the patterns of restriction sites, were similar. Two unidentified ORFs and several repeat elements were found in the region between the ndh1 and ndh4 genes on both mtDNAs. The sizes of the A. niger and A. tubingensis mtDNAs were 31.23 and 33.06 kb, respectively, the difference was principally attributed to the altered intron content of their cox1 genes.
Introduction
Strains of the Aspergillus niger species aggregate exhibit a high degree of molecular variability. They were divided into three main groups based on the mitochondrial DNA (mtDNA) restriction fragment length polymorphism (RFLP) of the strains [1] . mtDNA RFLP types 1, 2, and 3 correspond to three different species, A. niger, Aspergillus tubingensis and Aspergillus brasiliensis, respectively [1] [2] [3] [4] . mtDNA types 1 and 2 consist of several subgroups (1a-1e and 2a-2f) [1, 4] . We have already described the mtDNA organisation of A. niger, focusing on the comparison of type 1a mtDNA to 1b, 1c and 1e [5] . As a result, we explained the cause of the interspecific mtDNA polymorphism without a complete analysis of the mitochondrial genomes.
This was the first report on the mtDNA organisation of strains belonging to the most frequent black Aspergilli species found in nature, A. niger. In fact, Kirimura et al. [6] reported the preliminary restriction map of the mitochondrial genome of only one strain of the black Aspergilli species-aggregate, WU-2223L, which had been assigned to the A. niger species at that time, but was later re-ranked as a representative of the A. tubingensis species, carrying type 2a mtDNA [1, 4] .
Length variability between mtDNAs of several filamentous fungi, like Aspergillus nidulans, Podospora anserina, Neurospora crassa and their relatives and the reason for the intraspecific mtDNA polymorphism of natural isolates of Aspergillus carbonarius was found to be due to the presence or absence of optional introns and intronic ORFs [7] [8] [9] [10] [11] . It is well established that mitochondrial introns bearing ORFs are endowed with a mobile character, and their transfer may be accompanied by the concomitant modification of the adjacent exons [12] [13] [14] [15] [16] [17] [18] . It was demonstrated in previous studies on A. nidulans and its closely related species [7, [19] [20] [21] , Coprinus cinereus [22] , P. anserina [15] and Aspergillus japonicus [23] that mobile introns play a major role in the interaction of mitochondrial genomes, since their homing process generates rearranged mtDNAs by homologous recombination [12] [13] [14] [15] [16] [17] [18] . Other studies on P. anserina and its closely related species demonstrated that the ORFs themselves, either free standing or inserted in group I introns, have mobile capacity due to their endonuclease gene products (LAGLIDADG, GIY-YIG, H-N-H or His-Cys box) [9, 10, [15] [16] [17] [18] .
In this paper, we present a restriction map and the structural organisation of the mtDNA of A. tubingensis 0932 strain carrying mtDNA type 2b and compare it to that of A. niger mtDNA type 1a. The available data on the mtDNA organisation of A. niger [5] proved to be insufficient for a complete comparison, making it necessary to extend the study to A. niger as well. We found a 1.8-kb size difference between the mtDNAs of the two species, which was mainly attributed to the different numbers of introns situated in the cox1 gene. We also describe a short region of repetitive elements situated next to two orfs expected to code for endonucleases.
Materials and methods

Fungal strains and growth conditions
The fungal strains used in these experiments were the mitochondrial oligomycin resistant N909 strain of A. niger with nuclear markers of fawn conidia and methionine auxothrophy and the 0932 strain of A. tubingensis with olive conidia and adenine auxothrophy markers [24] . The strains were maintained and cultured on malt extract (0.5%), yeast extract (0.5%), glucose (1.0%), agar (2%) medium. For DNA extraction, cultures were grown in liquid PontecorvoÕs medium [25] .
2.2. mtDNA isolation, cloning, restriction maps, constructing functional maps mtDNA isolations were carried out according to Lá-day et al. [26] . RNA isolation from intact mitochondria was prepared with the RNA plus extraction kit purchased from QBiogene and used according to the instructions of the manufacturer. The intact mitochondria were isolated as described by Láday et al. [26] .
Restriction enzymes BglII, EcoRI, EcoRV and HindIII (Fermentas Ltd.) were used according to the manufacturerÕs instructions. DNA fragments were separated in 0.8% or 1.0% agarose gels using standard methods [27] . Gels were stained with ethidium bromide and examined under UV light. Gene cloning into pBluescript SK vector was carried out according to Sambrook et al. [27] . Physical maps were constructed using a reciprocal digestion technique as described by Hamari et al. [11] . Fragment-lengths were determined by ''GelBase/GelBlot Pro'' Gel Analysis Software (Ultra Violet Product Ltd). Functional maps were constructed by combining the results of sequence analysis of certain cloned restriction fragments with the variations in the size of PCR products amplified from particular genes and intergenic regions using A. tubingensis-or A. niger-specific homologous primers or A. nidulans-and Trichophyton rubrumspecific heterologous primers (Table 1) . First strand cDNA of the cox1 gene of A. tubingensis was synthetised using enhanced Avian reverse transcriptase (Sigma) according to the instructions of the manufacturer using A. tubingensis cox1 specific reverse primer (see 2b cox1 intron 3 reverse primer in Table 1 ). The second strand cDNA synthesis and its amplification were prepared using the mtDNA type 2b cox1 intron 1 forward and mtDNA type 2b cox1 intron 3 reverse primers (see Table  1 ). Abbreviations of the gene symbols are described in Fig. 1 . DNA sequences of clones were determined by using dye labelled primers (T3 or T7) on an ABI373 automated sequencer (Applied Biosystems).
DNA sequence analysis and database searching
Sequences were analysed by the software package of Genetics Computer Group (Madison, WI). Sequence data have been deposited in the National Center for Biotechnology Information (NCBI) on-line data bank, and the accession numbers are summarised in Table 2 . The sequence data cover a total of 13.0 and 11.7 kb from A. tubingensis and from A. niger, respectively. The GenBank database was searched by using the BLAST [28] and FASTA programs [29] on the National Center for Biotechnology Information (NCBI) on-line service.
Results
A physical and functional map of mtDNA of the A. tubingensis strain 0932 representing mtDNA type 2b (33.06 kb) was constructed and compared to that of the A. niger mtDNA type 1a (31.23 kb) ( Fig. 1) [5] . The technical details are described in Section 2. The gene content and gene order of the mtDNAs of A. niger and A. tubingensis were similar as shown in Fig. 1 . The relative positions of restriction sites on the 1a and 2b mtDNAs were also similar, but with some remarkable differences. Four mtDNA type 1a-specific restriction sites (which are not present in type 2b) were found between fragments B1/B5, H4/H1, V7b/V5 and V7a/V2 in the map of A. niger 1a. The last one is not obviously specific to mtDNA type 1a, but sequence analysis of the cox1 gene of both organisms verified that it is specific for Table 1 List of the used primers designed to NCBI deposited sequences of A. niger strain N909 (1a), A. tubingensis strain 0932 (2b) and A. nidulans (An) and Trichophyton rubrum (Tr) 1a mtDNA and located downstream of the end of the cox1; V1/V7a corresponds to the V6a/V2 EcoRV site in mtDNA type 2b. Eight mtDNA type 2b-specific restriction sites were detected; they are located between fragments E4/E3, B2/B8, B8/B1, V1/V6a (all are situated in cox1), E9/E2, E7/E6, B7/B5 and B6/B4. The presence or absence of these restriction sites originated from a point mutation in most cases, as was proven by sequence analysis in the case of the BglII site between B6/B4 and the EcoRI site between E7/E6 in the 2b mtDNA (for details see Figs. 2a and b) . The region containing a specific EcoRI site (E7/E6) in the 2b mtDNA was also investigated at sequence level. The V5, V6 and E4 fragments of 1a mtDNA and the V5, V6b, E7 and E6 of 2b Table 1 . mtDNA were cloned and sequenced in order to elucidate the nature of the restriction-site differences. The results added novel data to the mtDNA organisation of A. niger as well as to that of the A. tubingensis. The ndh1 and ndh4 genes were identified on the sequenced regions and the nearly 3-kb intergenic region between them contained two orfs (orf1 and orf 2) and a shorter section with several repeat elements (Fig. 2a) . The orf1 (906 bp) and orf2 (741 bp) in A. tubingensis 2b were identical to those ones in A. niger 1a. The putative protein encoded by orf1 showed 44% sequence identity to the Endo.SceI endonuclease of the Saccharomyces cerevisiae mitochondrion (AAA32160). The ORF2 showed 52% identity to a site-specific recombinase of the Staphylococcus aureus (BAB47672). The region of the repeat elements is located downstream of the orfs (Fig. 2a) . Two groups of non-perfect tandem repeats were identified in 2b mtDNA: the first consisted of three subsequent repeats of a 29-bp element, and the second contained three subsequent repeats of a 39-bp element. In the second 29-bp unit of the first group, a single nucleotide change caused the appearance of a new EcoRI restriction site (situated between E7/E6 in Fig. 1 ) compared to the corresponding A. niger sequence (Fig. 2a) . The first group of tandem repeats was also present in 1a mtDNA and was almost identical to that in mtDNA type 2b. However, the second repeat group was absent; only a single 48-bp unit was observed showing recognizable identity to the 39-bp repeat unit of the 2b mtDNA. The V1 fragment of mtDNA 2b as well as the H2 showed considerable size difference comparing them to the corresponding EcoRV (V1) and HindIII (H1) fragments of the A. niger 1a. In this region, the EcoRI and BglII patterns of the 2b mtDNA altered from those ones of mtDNA 1a. Since the particular region in 1a mtDNA carried the cox1 gene, we expected that the size and restriction-pattern differences were due to the altered organisation of the cox1 gene. We sequenced the cox1 of the 2b mitochondria and the data were compared to that of the previously described 1a mitochondria [5] (for sequence accession numbers see Table 1 ). The cox1 in A. niger 1a consisted of 2728 nucleotides and contained a 1025 bp long LAGLIDADG type group I intron [5] . By contrast, the cox1 gene of A. tubingensis 2b contained 5058 nucleotides and possessed three LAGLIDADG type group I introns, with the lengths of 1148, 1126 and 1084 bp, respectively. The positions of the introns were verified by preparing and sequencing the cox1 cDNA. The first intron of 2b mtDNA showed 94% identity to the second intron of cox1 of A. nidulans (X00790). The second intron of 2b mtDNA was proven to be identical to the cox1 intron of A. niger 1a (93%; AF177534), the third intron of A. nidulans (X00790) and the fourth intron of N. crassa (X14669), the second intron of Schizosaccharomyces pombe (X00886) and the third intron of Penicillium marneffei (AY347307). However, the third intron of cox1 in 2b mtDNA did not show homology to any known mitochondrial introns. The presence of the first and the third introns in the A. tubingensis 2b strain caused the appearance of four additional restriction sites situated between fragments of V1/V6a, E4/E3, B2/B7 and B7/B1 (Fig. 1) . The cox1 exon sequences of mtDNAs 1a and 2b were nearly identical; a few nucleotide differences were detected in the intron-flanking exon regions.
We checked the variability of the intergenic sequences by sequencing the E1 fragment of mtDNA 2b carrying the intergenic region downstream to the tRNA-Gly and the upstream region of the cox1 gene carrying the tRNA-Met and -His genes and the intergenic region between them. The sequence data were compared to the corresponding ones of A. niger 1a [5] . Fig. 2b shows the differences between mtDNA chromosomes 2b and 1a within the first 40 nucleotides of the E1 fragment of mtDNA 2b and E2 fragment of mtDNA 1a, both located downstream of the coding region of tRNA-Gly. Chromosome 2b differed from 1a by two nucleotides and one of them resulted in an additional BglII recognition site in the 2b mtDNA. Fig. 2c demonstrates the sequence differences within the intergenic regions between tRNA-Met and -His between 2b and 1a mtDNA. The A. tubingensis 2b differed from the A. niger 1a by several nucleotide changes and by the insertion of a total of 87 nucleotides.
Discussion
A physical and functional map of the mtDNA of the A. tubingensis mtDNA type 2b was constructed and compared to that of A. niger mtDNA type 1a. Although the structural organisation of the two mitochondrial genomes was similar, differences in the presence of restriction sites were observed. Some of the variations were due to the existence of two additional cox1 introns in the 2b mtDNA while other variations were the result of point-mutations. The 1.8-kb size difference observed between mtDNAs of A. niger and A. tubingensis were principally attributed to the altered intron content of their cox1 genes, although the sum of the size differences of the various intergenic regions may also be a factor. The intergenic region between the tRNA-Met and -His genes itself caused an 83-bp size difference. While the cox1 gene of A. niger 1a harboured one group I intron [5] , the A. tubingensis 2b contained three group I introns containing orfs coded for LAGLIDADG type endonucleases. The first and second intron of chromosome 2b showed a high level of identity to cox1 introns of other fungi like A. nidulans, A. niger, N. crassa, S. pombe and P. marneffei integrated at either the same or a different positions. However, the third cox1 intron of mtDNA 2b did not show homology to any known mitochondrial introns. Both A. tubingensis 2b mtDNA and A. niger 1a mtDNA harboured a 3-kb region between their ndh1 and ndh4 genes, although the closely-related A. nidulans exhibited a short, only 249-bp-long intergenic region. Both A. tubingensis and A. niger contained two orfs and two short regions of repetitive elements in this region. Since both putative proteins (conceptually translated from the orfs) showed considerable similarity to proteins having endonuclease activity, we suggest that they are free-standing endonuclease-coding orfs, which are characteristic invasive elements of the mitochondrial group I introns with numerous examples indicating that these kinds of orfs can also be found in intergenic regions [9, 12, 13] . Two other intergenic regions were inves-tigated at the sequence level in A. tubingensis, which showed intra-specific variability in A. niger among mtDNA types 1a, 1b, 1c and 1e [5] . The sequence data of mtDNA 2b were compared to those of A. niger 1a mtDNA. The examined intergenic regions proved to be polymorphic at the interspecific level too. The two intergenic sequences of A. tubingensis 2b mtDNA differed from mtDNA 1a by several nucleotides and, in the case of the intergenic region between the tRNAMet and -His genes, by the insertion of a total of 87 nucleotides.
Summarising all the results, the mtDNA organisation (restriction pattern, gene order, intron content) of the A. tubingensis species is similar to that of the closely related A. niger, except for the intron content of the cox1 gene. mtDNA of both species carry two orfs (predicted free standing, typically intron carried genes coded for endonucleases) and a short region of repetitive elements between their ndh1 and ndh4 genes. These elements were not observed in the mtDNA of the closely related A. nidulans. The common appearance of the repetitive elements and the two orfs in both species as well as the variable intron-content of the cox1 gene indicate that these sequences could serve as useful markers to follow/establish the evolutional divergence of the different species within the imperfect black Aspergilli species-group.
